ABSTRACT Chronic diseases develop in susceptible individuals following exposure to environmental conditions including high fat diets. Inbred strains of mice differing in susceptibility to atherosclerosis, diabetes, obesity and certain cancers are models for understanding the genetic basis and molecular mechanisms whereby diet influences these polygenic and multifactorial disorders. Expression sequence tags (EST) and disease quantitative trait loci (QTL) are also being identified with these strains. Reported here are comparisons of food intake, growth, nonfasting serum lipids and expression of mRNA for hepatic apolipoprotein E (ApoE), hepatic stearoyl CoA desaturase (Scd1) and heart lipoprotein lipase (Lpl) in a 2 1 2 1 2 design with C57BL/6J and BALB/cByJ mice fed semipurified diets with 4 or 20% saturated (coconut) or unsaturated (corn) oils for 4 mo. Histological studies of aortas and coronary arteries are also reported for these animals. After 4 mo, BALB/cByJ mice were significantly heavier and had significantly higher total serum cholesterol, HDL cholesterol and triglyceride concentrations in the fed state than C57BL/6J mice. Efficiency of utilizing dietary energy did not differ consistently between strains. Oil level affected serum total cholesterol, triglycerides and HDL cholesterol, which were significantly greater in mice fed high fat diets. Lpl and ApoE mRNA expression levels were not significantly affected by mouse strain, oil source or oil level. Scd1 mRNA expression, however, was significantly higher in C57BL/6J than in BALB/cByJ mice and was lower in all mice fed 20% compared with those fed 4% fat diets. Genes regulated differently by diet among strains with distinct susceptibility to diet-influenced disease may be associated with molecular pathways contributing to incidence or severity.
Epidemiological and laboratory animal studies indicate that regulated differently in genetically distinct individuals. Except diets high in fat increase the incidence and severity of atherofor familial and dominant mutations, chronic diseases are outsclerosis, diabetes, obesity and cancer in susceptible individuals comes of contributions from many genes interacting with envi-(reviewed in NRC 1989). Because diet changes disease phenoronmental factors (e.g., Berg 1989 , Grundy 1995 , Hegele 1992 , type, certain dietary components must regulate expression of Kirk et al. 1995 , NRC 1989 . a subset of genes whose involvement in disease development Certain inbred strains of mice, established by at least 20 (Berg 1989 , Kaput et al. 1994 , Kirk et al. 1995 appears to be generations of brother 1 sister matings, show higher susceptibility than other strains to experimentally induced disease. or between inbred mouse strains fed normal diets (Kirk et al. 2 The costs of publication of this article were defrayed in part by the payment multistep procedure (Elliott et al. 1993 , Kaput et al. 1994 , Paisley et al. 1996 , Swartz et al. 1996 for identifying dietregulated genes and for testing the hypothesis that such genes participate in disease development (Kaput et al. 1994 and this report). The first step in our protocol involves the isolation of genes or expression sequence tags (EST) 7 regulated by diet (Elliott et al. 1993 ) in tissues of disease-free virgin female mice fed semipurified diets. When desirable, the precision of the model can be refined by the feeding of chemically purified diets.
Step 2 analyzes mRNA abundance between inbred strains differing in disease susceptibility before signs of the disease are evident. Our working hypothesis is that genes regulated differently between strains by the same diet may be among the subset involved in producing differences in disease phenotypes between strains. The third step compares the chromosomal map position of the differently regulated genes to independently derived quantitative trait loci (QTL). Others have proposed mapping disease-specific expressed sequence tags (EST) with independently derived QTL (Berry et al. 1995) for identifying candidate disease genes, an example of association analyses (Risch and Merikangas 1996) . EST regulated by the same nutritional factors that produce the disease and overlapping disease QTL maps have been defined as candidate disease genes (Risch and Merikangas 1996) for analyses in humans or animals showing the disease, the last step of our proposed protocol.
We previously isolated hepatic apolipoprotein E (ApoE) and stearoyl CoA desaturase (Scd1) (Elliott et al. 1993) using the above described experimental model in screens for dietregulated genes. We report here the analyses of hepatic ApoE, hepatic Scd1, and heart Lpl mRNA abundance in C57BL/6J to diet-induced atherosclerosis (Paigen et al. 1987 and 1990) , and five BLB/cByJ mice fed each dietary treatment were monitored type II diabetes (Seldin et al. 1994 , Surwit et al. 1995 , and twice per week during the feeding study and the averages within each express certain genes involved in lipid metabolism differently group at monthly intervals are plotted. BALB/cByJ mice at 6-7 wk than BALB/c mice (Kirk et al. 1995 and this report) . Food of age weighed more initially than C57BL/6J mice (19.0 vs. 16.1 g, respectively) at 6-7 wk of age and throughout the 16-wk feeding study intake, growth, nonfasting serum lipids, histological sections (P õ 0.0001). BALB/cByJ mice averaged 26.9 g compared with 22.2 of aortas and coronary arteries were also analyzed to assess g for C57BL/6 mice at the end of the study.
their influence or correlation with gene regulation. This report is an example of the second step of our protocol. was removed; 2 h later, all mice were injected intramuscularly with 0.02 mL/g body weight of ketaset/xylazine mixture (Ketaset, Fort
MATERIALS AND METHODS
Dodge Laboratories, Ft. Dodge, IA) for collection of blood via cardiac puncture. Immediately thereafter, they were killed by cervical dislocaAnimals, diets and protocols. Eighty virgin female BALB/cByJ tion and their livers and hearts were removed, individually frozen in and C57BL/6J mice, 6-7 wk old, were purchased from The Jackson liquid nitrogen, and stored at 080ЊC for mRNA isolation. Laboratory (Bar Harbor, ME). They were fed a semipurified diet con-DNA probes. cDNAs for lipoprotein lipase (Genbank/EMBL: taining 4% corn oil for 1 wk and then randomly assigned to diets J02740), rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH), containing 4% corn oil, 20% corn oil, 4% coconut oil or 20% coconut mouse b-actin and stearoyl CoA desaturase (Scd1, Genbank/EMBL: oil for an additional 15 wk (Fig. 1) . Each diet contained 1.4% of the J04190, M21285) were as described previously (Paisley et al. 1996 , respective total oil content as soybean oil to assure adequate fatty Swartz et al. 1996) . A DNA fragment encoding nucleotides 681 to acid content (NRC 1995 , Reeves et al. 1993 ). The diets ( and Swartz et al. (1996) . lines. Food spillage was also monitored throughout the course of the Northern hybridization analyses. Twenty micrograms of total experiment. Efficiencies of energy utilization were calculated from RNA, isolated from livers by the Ultra-spec II RNA isolation system the recorded weekly weight gain/calculated weekly energy intake. At (Biotecx, Houston, TX), was resolved by electrophoresis in gels con-16 wk, all mice were deprived of food for 12 h and offered a pretaining 1.2% agarose and 2.2 mol/L formaldehyde for 2.5 h at 110 weighed 3-g pellet of their assigned diet. After 2 h, the uneaten food V. Sizes of mRNA were estimated by comparisons to a synthetic RNA ladder electrophoresed simultaneously. Gels were subsequently stained with 0.5 mg/L ethidium bromide and photographed to verify standard sodium citrate (SSC), 1X Denhardt's solution, 0.02 mol/L sodium phosphate (pH 6.8), 0.1 g/L denatured salmon sperm DNA, 1 mmol/L EDTA, 0.2% SDS and 10% dextran sulfate (Ausubel et al. 1987) . After overnight hybridization at 42ЊC, the membranes were washed twice at room temperature with 1X SSC containing 0.5% SDS for 20 min. Two 15-min washes with 0.5X SSC/0.5% SDS signals were quantified with a Molecular Dynamics 425S phosphorim-2 Significant differences are * P õ 0.01, ** P õ 0.001, *** P õ 0.0001.
ager (Molecular Dynamics, Sunnyvale, CA). Abundances of specific within the same electrophoretic lane.
/ 4w16$$0014 03-12-97 13:57:43 nutra LP: J Nut April etary fat for 16 wk are shown in Fig. 1 . BALB/cByJ mice at 6-7 wk of age weighed more initially than C57BL/6J mice (19.0 vs. 16.1 g, respectively) at 6-7 wk of age and throughout the 16-wk feeding study (P õ 0.0001). BALB/cByJ mice averaged 26.9 g compared with 22.2 g for C57BL/6 mice at the end of the study. Energy intake of BALB/cByJ mice was 53.8 { 5.4 kJ/d during the 16-wk study, significantly more (P õ 0.005) than that of C57BL/6J mice (45.5 { 3.3 kJ/d). However, there were no consistently significant differences between strains in efficiency of energy utilization (data not shown).
Mice fed diets with 20% oil consumed 54.3 { 8.8 kJ/d compared with 45.1 { 5.4 kJ/d for mice fed 4% oils, but no differences were observed in weekly energy efficiencies. Both C57BL/6J and BALB/cByJ mice fed 20% oil consumed more energy (24.2 { 4.9 vs. 16.7 { 5.8 kJ) in the 2-h refeeding period than their counterparts fed 4% oil (P õ 0.0001), but there was no difference between strains.
FIGURE 3 HDL cholesterol concentrations in C57BL/6J and BALB/cByJ mice fed 4 or 20% corn or coconut oil during a 16-wk feeding study. HDL cholesterol concentrations (means { SEM) are reported for 8-10 C57BL/6J and 8-10 BALB/cByJ mice fed each dietary treatment (except BALB/cByJ fed 20% coconut oil, where n Å 6, and C57BL/6J mice fed 4% corn oil, where n Å 7). There were no significant interactions for HDL cholesterol concentrations. See Table 2 are reported for 8-10 C57BL/6J and 8-10 BALB/cByJ mice fed each dietary treatment (except BALB/cByJ fed 20% coconut oil where n Å
RESULTS

7). Main effects are reported in Table 2. Interactions between strain
Food intake and weight gain. Growth curves for BALB/ and oil level (P õ 0.0517), strain and oil soure (P õ 0.0793), and level and source (P õ 0.0801) approached statistical significance.
cByJ and C57BL/6J mice fed different types and levels of di-/ 4w16$$0014 03-12-97 13:57:43 nutra LP: J Nut April 1 Correlation coefficients (r). 2 *** P õ 0.001, ** P õ 0.01, * P õ 0.05. Significance was approached (P õ 0.06) for HDL cholesterol, and triglyceride and Scd1/b-actin and Lpl/GAPDH (P õ 0.08).
3 n Å 60-80, except for Lpl where n Å 19-24. 4 Chol, cholesterol; TG, triglyceride; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
Serum lipid concentrations.
Fed BALB/cByJ mice had Histology. Forty hearts, examined for histological evidence higher serum triglycerides (P õ 0.01), HDL cholesterol (P õ of lesion development, showed no abnormalities except for 0.0001) and total cholesterol (P õ 0.0001) than did C57BL/ three from BALB/cByJ mice (not shown). Thickening of the 6J mice ( Table 2 ). The higher concentration of dietary oil tunica intima in a coronary artery was observed in one BALB/ also resulted in greater serum HDL cholesterol (P õ 0.01), cByJ mouse fed 4% coconut oil. One BALB/cByJ mouse fed serum triglycerides (P õ 0.001) and total cholesterol (P õ 4% and one fed 20% corn oil showed swelling of endothelial 0.001) ( Table 2 ). Serum triglyceride concentrations showed linings of their aortas. significant interactions between strain and oil source (P õ 0.001) and between strain and dietary oil level and source DISCUSSION (P õ 0.01) (Fig. 2) , but no interactions were significant for cholesterol (Fig. 3) . Interactions tended to be significant beWe analyzed growth, serum lipid values, and abundance of tween strain and dietary oil concentration (P õ 0.06) and Scd1, Lpl, and ApoE mRNA (i.e., genetic factors) in BALB/ between strain and source (P õ 0.08) and source and dietary cByJ and C57BL/6J mice fed different types and concentrations oil level (P õ 0.08) for serum total cholesterol concentrations of dietary lipids, factors that influence disease severity in stud- (Fig. 4) . Significant correlations between total cholesterol and ies similar to Kirk et al. (1995) . Our analyses were done in HDL cholesterol (r Å 0.631, P õ 0.001) and triglycerides the absence of atherogenic chemicals added to a semipurified and total cholesterol were found (Table 3) . There were no diet and without evidence of disease processes, which might significant correlations between these serum lipid concentrainfluence gene expression or serum lipid concentrations in tions and body weight, total energy intake or energy eaten in strains which differ in predisposition to diet-influenced disthe last meal (not shown).
eases.
Gene expression. Representative hybridization analyses are
In our study, BALB/cByJ mice were significantly heavier shown for hepatic stearoyl CoA desaturase and b-actin mRNA than C57BL/6J mice initially at 6-7 wk of age and throughout from individual BALB/cByJ (Fig. 5A ) and C57BL/6J (Fig. 5B) the subsequent 16-wk feeding period, but the weight gain/ mice fed one of the four diets with averages of Scd1/b-actin energy intake ratios were the same regardless of strain, oil level mRNA ratios for all in each treatment shown in Figure 6A or oil source. Accuracy of intake measurements was facilitated (BALB/cByJ) and Figure 6B (C57BL/6J). Relative Scd1 levels by feeding compressed food pellets to individually housed mice were significantly higher (P õ 0.03) in mice fed diets conwith weighing of uneaten particles. The difference in energy taining 4% of either oil even though mice eating 20% oil diets intake during the 2 h when the last meal was available for consumed more energy during their last meal. Scd1/b-actin mice fed 20% oil (24.2 kJ) compared with those eating 4% mRNA ratios were significantly higher (P õ 0.04) in C57BL/ oil (16.7 kJ) may have resulted from differences in energy, 6J mice, but there were no significant differences in Scd1/btexture or ease of eating the high fat diet. There were no actin between corn oil-and coconut oil-fed mice. There significant correlations between energy intake and serum lipid were no significant interactions between strain and dietary values or between energy intake and levels of ApoE, Lpl, or source or concentration. Significant differences in hepatic Scd1 mRNA. ApoE and heart lipoprotein lipase mRNA expression due to BALB/cByJ mice had significantly higher concentrations strain, oil level or oil source were not found (data not shown).
of total cholesterol, triglycerides and HDL cholesterol than Pearson correlation analyses (Table 3) showed a weak inverse C57BL/6J mice, in agreement with other investigators (Lusis correlation (r Å 00.237) between Scd1/b-actin and HDL levels et al. 1989). The increases in total cholesterol, triglycerides that approached significance (P õ 0.08). Lpl/GAPDH mRNA and HDL cholesterol were qualitatively and in some cases ratios were significantly correlated (r Å 0.517, P õ 0.01 ) with quantitatively similar to those seen in these and other strains cholesterol levels and there tended to be a negative correlation fed high fat diets with and without added cholesterol (Kirk (r Å 00.398) approaching significance between Scd1/b-actin and Lpl/GAPDH mRNA ratios (P õ 0.08).
et al. 1995, Srivastava 1996 , Srivastava et al. 1991 and 1992 / 4w16$$0014 03-12-97 13:57:43 nutra LP: J Nut April in screens for diet-regulated genes. In our studies, abundance of hepatic ApoE and heart Lpl mRNA was unrelated to strain, fat level, fat source or energy intake in the last meal when mRNA levels were analyzed 2 h postprandially. Although others have shown strain differences in heart Lpl enzymatic activity (Ben-Zeev et al. 1983) , Lpl mRNA levels are presumably not transcriptionally regulated by diet in hearts of mice (Kirchgessner et al. 1989) or rats (Erskine et al. 1993) . Our Lpl data agree with this conclusion. Hepatic ApoE mRNA abundance was not regulated by level or source of oil. Others (Ishida et al. 1990) found strain (C57BL/6 and C3H/J)-specific differences in serum apolipoprotein E concentrations afterovernight food deprivation in mice fed unpurified vs. a highly atherogenic diet, suggesting that our results may be confounded because we analyzed expression 2 h postprandially. We previously found significant effects of fat level and time of eating on the regulation of Lpl (Paisley et al. 1996) and and atherogenic diets containing added cholic acid, cocoa butter and cholesterol (Hwa et al. 1992 , LeBeouf et al. 1994 , Nishina et al. 1993 , Paigen et al. 1990 , Warden et al. 1989 . Saturated fat (coconut oil) significantly increased triglyceride levels in C57BL/6J but not in BALB/cByJ mice, and it did not alter total serum cholesterol or HDL cholesterol concentrations. Serum triglyceride concentrations were also affected by interactions among strain, oil level and oil source, demonstrating the importance of nutrient-genotype interactions. The variation in concentration in serum lipids for the same strains reported by different laboratories may be related to differences in diet composition because fatty acids and other ingredients vary among preparations of unpurified diets (e.g., Heart lipoprotein lipase, hepatic stearoyl CoA desaturase, Results are means { SEM. Scd1/b-actin mRNA ratio was greater in and hepatic apolipoprotein E mRNA abundances were ana-C57BL/6J mice (P õ 0.04) and higher in all mice fed 4% of either oil compared with those eating 20% of either oil.
lyzed as a follow-up of our previous isolation of Scd1 and ApoE / 4w16$$0014 03-12-97 13:57:43 nutra LP: J Nut April
ApoE in 10-wk-old BALB/cHnn mice denied food for 12 h zocin in rats (Waters and Ntambi 1995) and experimentally induced hypertriglyceridemia in diabetic mice was decreased compared with those that had eaten. Some diet-regulated genes differ in their expression related to ime of eating (Lein transgenic mice overexpressing Lpl . Additional experiments are required to test whether Scd1 Beouf et al. 1994 , Paisley et al. 1996 , Swartz et al. 1996 or age (Rao et al. 1989) , showing that experimental variables in or other diet-regulated genes are involved in the molecular mechanism of disease. addition to dietary constituents may alter mRNA concentrations.
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